Cells depend on polyamines for growth and their depletion represents a strategy for the treatment of cancer. Polyamines assemble de novo through a pathway sensitive to the inhibitor, ␣-difluoromethylornithine (DFMO). However, the presence of cellsurface heparan sulfate proteoglycans may provide a salvage pathway for uptake of circulating polyamines, thereby sparing cells from the cytostatic effect of DFMO. Here we show that genetic or pharmacologic manipulation of proteoglycan synthesis in the presence of DFMO inhibits cell proliferation in vitro and in vivo. In cell culture, mutant cells lacking heparan sulfate were more sensitive to the growth inhibitory effects of DFMO than wild-type cells or mutant cells transfected with the cDNA for the missing biosynthetic enzyme. Moreover, extracellular polyamines did not restore growth of mutant cells, but completely reversed the inhibitory effect of DFMO in wild-type cells. In a mouse model of experimental metastasis, DFMO provided in the water supply also dramatically diminished seeding and growth of tumor foci in the lungs by heparan sulfate-deficient mutant cells compared with the controls. Wild-type cells also formed tumors less efficiently in mice fed both DFMO and a xylose-based inhibitor of heparan sulfate proteoglycan assembly. The effect seemed to be specific for heparan sulfate, because a different xyloside known to affect only chondroitin sulfate did not inhibit tumor growth. Hence, combined inhibition of heparan sulfate assembly and polyamine synthesis may represent an additional strategy for cancer therapy.
metastasis ͉ proteoglycans ͉ spermine ͉ chemotherapy ͉ xylosides P olyamines (putrescine, spermidine, and spermine) are present in all mammalian cells, fungi, protozoa, and bacteria (1) . As polycations, they bind to nucleic acids and play important roles in DNA conformation, replication, transcription, and translation (2) . Because cellular proliferation depends on an adequate supply of polyamines, the polyamine biosynthetic pathway has been an attractive target for the treatment of proliferative disorders, such as cancer and parasitic diseases (2) (3) (4) (5) (6) . Toward this end, several polyamine synthesis inhibitors have been described that act at specific biosynthetic enzymes [e.g., difluoromethylornithine (DFMO) and methylglyoxal bis(guanylhydrazone)] (see Fig. 1 ). Unfortunately these compounds have had partly disappointing effects as cancer chemotherapeutics because of the ability of tumor cells to compensate for inhibited de novo synthesis by increased uptake of extracellular polyamines (1, 3, 4, 7) . Thus, an effective therapeutic strategy will require inhibition of both de novo polyamine biosynthesis and uptake. To date, a chemotherapy based on combined inhibition of polyamine uptake and synthesis has not been described.
In contrast to what is known about the pathway of de novo polyamine synthesis, the mechanism of uptake in mammalian cells is not well understood, because no transporter has been isolated, cloned, and molecularly characterized (8) . Recent studies suggest that uptake of polyamines depends in part on the expression of cell surface proteoglycans, in particular those containing the glycosaminoglycan (GAG), heparan sulfate (9, 10) . These highly charged polysaccharides consist of variably sulfated glucosamine residues and glucuronic or iduronic acids. The negatively charged carboxyl and sulfate groups can interact with the positive charges on the polyamines with equal or even higher affinity than DNA (9) . Proteoglycans are internalized continuously, along with bound ligands, such as fibroblast growth factor (11, 12) . However, it seems unlikely that polyamine uptake is predominantly mediated by endocytosis because this mechanism would not explain the rapidity of the process. Polyamine uptake dependent on proteoglycans may reflect an indirect role of proteoglycans as part of a transport complex in a manner similar to its coreceptor function in fibroblast growth factor signaling (13) . Regardless of the mechanism, inhibition of GAG synthesis or exogenous heparan sulfate reduces uptake of exogenous polyamines (10) .
In this report we have examined the possibility of combining DFMO, a well tolerated nontoxic inhibitor of polyamine formation, with genetic and pharmacologic methods to diminish heparan sulfate expression as a way to inhibit tumor growth. We demonstrate that inhibition of proteoglycan assembly renders cells hypersensitive to growth inhibition by DFMO and that the combination inhibits tumor formation in vivo.
Materials and Methods
Cell Lines. Wild-type Chinese hamster ovary cells (CHO, American Type Culture Collection no. CCL61) were cultured in Ham's F-12 medium supplemented with 8% FBS (HyClone) and subcultured every 3-4 days with 0.125% trypsin. The GAG-deficient cell lines used in these studies included pgsA-745 (14) , pgsB-618 (15) , and pgsG-224 (16) . A subline of pgsG cells stably transfected with CHO glucuronosyltransferase I was also used (17) . Xylosides were prepared as described (18) and dissolved directly in the drinking water at 2 mM with heat.
Polyamine Uptake Studies. Cells were seeded at 5 ϫ 10 4 cells per well in MEM medium and grown for 72 h. The monolayer was rinsed twice with 0.5 ml medium and then incubated with 5 M [ 14 C]spermine (Amersham Pharmacia; specific activity, 31 Ci͞mol). After 10 min at 37°C and 4°C, the cells were chilled and extensively washed with ice-cold medium containing 1 mM spermine. The cells were lysed in a small volume of 0.5 M NaOH, and an aliquot was measured by scintillation counting. The difference in cell-associated polyamine levels obtained at 37°C minus that obtained at 4°C was defined as temperaturedependent polyamine uptake (picomoles per hour per 10 6 cells).
Growth Studies. Each well of 96-well microplates received 3,000 cells in DMEM͞F-12 supplemented with 10% FBS, 2 mM L-glutamine, and antibiotics. On the next day, fresh growth medium supplemented with DFMO (ILEX Oncology, San Antonio, TX) or spermine was added, and the cells were incubated for 96 h. Cell growth was determined from the amount of crystal violet adsorbed to the cells as measured in a Multiscan 351 photometer (Labsystems, Helsinki) at 595 nm. The data were expressed as the mean Ϯ SD (n ϭ 6). Colony formation was measured by seeding 1 ϫ 10 3 cells per 75-cm 2 culture flask in the absence or presence of 5 mM DFMO. After 4 days, spermine at a final concentration of 2.5 M or DFMO at 5 mM was added to the medium. After another 6 days in culture, the colonies were fixed, stained, and counted.
Polyamine Deprivation and Tumor Formation in Vivo. Female Fox chase C.B-17 severe combined immunodeficient (SCID) mice were purchased from Charles River Breeding Laboratories. Mice were kept under specific pathogen-free conditions and fed with autoclaved drinking water with: (i) no additives, (ii) DFMO (0.5-1%, wt͞wt), (iii) naphthalenemethanol ␤-D-xyloside (2 mM), (iv) DFMO (0.5%) and naphthalenemethanol ␤-Dxyloside (2 mM), or (v) DFMO (0.5%) and cis͞trans-decahydro-2-naphthol-␤-D-xyloside (2 mM) (n ϭ 5 per group). DFMO and xylosides were provided 2 days before injections and during the full course of the experiments. For injection experiments, cells were harvested with 5 mM EDTA in PBS, extensively washed, and subsequently injected into the lateral tail vein of 5-to 6-week-old mice (2.5 ϫ 10 5 cells in 100-l volume per mouse). Animals were killed 10 days after injection. Lungs were fixed in Bouin's solution, and the number of lung surface tumor foci was determined under a dissecting microscope. For histology, samples were transferred to 70% ethanol, embedded in paraffin, sectioned, and stained with hematoxylin͞eosin. Representative photomicrographs (magnification, ϫ200) were taken of samples from each treatment group. Statistical P values were calculated by using Student's unpaired t test.
Results
Chinese hamster ovary cells form solid tumors when injected s.c. in athymic mice, and as shown below, they will form lung nodules in an experimental metastasis model in which the cells are injected in the lateral tail vein. These cells exhibit many of the properties of spontaneous tumors (anchorage-independent growth, low serum requirement, foci formation, tumor growth in athymic mice) and have been used as a model of ovarian cancer (19) (20) (21) . A major advantage of using this model for tumor formation is that well characterized GAG-deficient CHO mutants exist (14) (15) (16) 22) , which allowed us to examine the effects of antagonists of polyamine synthesis in the presence and absence of proteoglycans.
DFMO is a suicide active-site-based inhibitor of ornithine decarboxylase, a key regulatory enzyme in the biosynthesis of polyamines ( Fig. 1) (1). Both wild-type and GAG-deficient CHO cells grew more slowly in the presence of DFMO ( Fig. 2A) , consistent with the known cytostatic effect of polyamine inhibitors (3). GAG-deficient cells exhibited greater sensitivity to DFMO at all concentrations tested, with significant inhibition of growth occurring at 10 M DFMO ( Fig. 2 A Inset) and a 4-fold reduction at 5 mM DFMO. It is unlikely that the reduced sensitivity of the wild-type is caused by binding of DFMO to cell surface GAGs, because ornithine (which has the same charge characteristics as DFMO) does not bind to heparin, as determined by affinity chromatography on heparin-agarose (9) . The heightened sensitivity of the GAG-deficient cells was independent of mutant genotype because three different strains bearing mutations in different biosynthetic genes behaved identically (pgsA-745, pgsB-618, and pgsG-224). In the absence of DFMO, mutant and wild-type cells grew equally well (Fig. 2 A) , which indicates that the alteration in growth was due to the reduction of GAGs rather than any secondary mutations that may have been present in these mutants. As shown below, this was confirmed by correction of one of the mutants by transfection.
The commercial F-12 growth medium used in these experiments contained a low concentration of putrescine (1 M), a precursor of the major polyamines, spermine and spermidine (Fig. 1) . Thus, the increased sensitivity of the mutant cells to DFMO occurred even in the presence of an exogenous polyamine. To examine this sensitivity further, the effect of exogenous spermine on growth of DFMO-treated cells was determined. As shown in Fig. 2B , the addition of 2 M spermine to the cell culture media restored the growth of DFMO-treated wild-type cells to 100% of the control. However, the effect on GAG-deficient cells was much less, resulting in only Ϸ40% restoration of growth. The enhanced sparing effect of spermine versus putrescine may reflect differences in uptake or utilization.
The incomplete reversal of cytostasis by exogenous spermine in the GAG-deficient mutant is consistent with reduced uptake of the polyamines because of the lack of proteoglycans. To verify this idea, GAG-deficient pgsG-224 cells (glucuronosyltransferase I-defective) and a stable line transfected with glucuronosyltransferase I cDNA were compared (16, 17) . PgsG cells displayed decreased [ 14 C]spermine uptake (Fig. 3A, open bar) , as observed in other mutants [pgsA-745, pgsB-618, and pgsD-677 (10)]. Transfection of pgsG cells completely corrected the enzyme and GAG deficiency (17) and restored uptake to levels comparable with that seen in wild-type cells (Fig. 3A, filled bar) .
In a more stringent test, we challenged the cells to form colonies from single cells in the presence and absence of DFMO. As shown in Fig. 3B , mutant and transfected cells formed colonies with comparable efficiency in the absence of inhibitor. DFMO inhibited clonal growth of both mutant and transfected cells, but the mutant was somewhat more sensitive to the inhibitor. Adding spermine completely restored the growth of transfected cells to the level observed in the absence of any treatment, but it had virtually no effect on the mutant. Thus, uptake of spermine and cell growth in monolayers or clonal growth from single cells were clearly coupled to the expression of GAGs.
To translate these findings to in vivo conditions, we next examined the tumor-forming properties of wild-type and mutant cells. CHO cells will form lung nodules in an experimental hematogenous metastasis model in which the cells are injected into the tail vein of immunocompromised (SCID) mice. Wildtype and mutant cells formed clearly visible pulmonary tumor foci, and tumors were only occasionally found in other tissues (Fig. 4) . The mutant formed tumors less efficiently than wildtype cells both in number and size. This effect was obvious both by visual inspection of the lung surface and by histologic sectioning of representative samples (Fig. 4) . The difference in behavior of mutant and wild-type cells was qualitatively similar to that seen when the cells were challenged to form solid tumors after s.c. injection in athymic mice (19) , but the effect was less dramatic in the metastasis model. DFMO is relatively nontoxic and is orally bioavailable. As shown in Fig. 4 , providing DFMO in the water supply of the mice dramatically depressed the extent of tumor formation by GAGdeficient cells (pgsA-745), both by macroscopic examination of the lungs and by histologic assay of sections. DFMO diffusely reduced the number and size of metastatic seeds, indicating that the effect was not restricted to any particular area of the lung (Fig. 4) . In three separate experiments, in which the overall tumor burden varied 10-fold, a striking reduction in tumor nodules was noted in animals injected with mutant cells and fed DFMO (Table 1 ). In contrast, DFMO had very little effect on tumor formation by wild-type cells.
To confirm that the effect seen in vivo was caused by the GAG deficiency in the mutant, tumor formation by pgsG and the transfected cells described above were compared (Fig. 5A ). The number of surface nodules formed by the mutant was reduced significantly compared with the wild-type (P Ͻ 0.001) cells, and the effect was comparable with that observed with mutant pgsA-745 (Table 1) . Correction of the enzyme deficiency completely restored tumor formation demonstrating a clear correlation between tumor growth and GAG synthesis in DFMOtreated animals.
These findings provided compelling evidence that combinations of DFMO and GAG synthesis inhibitors might be used synergistically to block tumor growth of cells expressing a normal complement of GAGs. Polyamine uptake has been shown to occur through proteoglycans containing either heparan sulfate or chondroitin sulfate chains, with greater dependence on heparan sulfate (10) . Thus, the most effective inhibitors would be those that target an early step in the biosynthetic pathway common to both heparan sulfate and chondroitin sulfate assembly, i.e., enzymes involved in forming the so-called linkage region on which the chains assemble (23) . A variety of xylose-based compounds have been characterized as inhibitors based on their ability to divert GAG synthesis from endogenous proteoglycans by acting as a ''primer'' (18) , and the free GAG chains are secreted from the cells. These compounds are well tolerated when administered to mice and also exhibit oral bioavailability (24, 25) .
The combined effect of xyloside and DFMO on tumor growth was therefore assessed in vivo by adding naphthalenemethanol ␤-D-xyloside (NX) to the water supply with and without DFMO. Mice tolerated the treatment without obvious adverse effects, and they maintained the same daily water intake as mice receiving drug-free water (2-4 ml͞day). DFMO or NX individually had only slight effects on the number of tumor nodules (Fig.  5B) . However, a combination of NX and DFMO markedly decreased tumor formation relative to DFMO (P Ͻ 0.005) or NX alone (P Ͻ 0.04). The extent of inhibition was similar to that seen in experiments with DFMO and GAG-deficient cells (Table 1 ; Fig. 4) , consistent with the idea that the xyloside depressed the addition of GAG chains to proteoglycans of the wild-type cells used in these experiments.
Variation of the aglycone portion of a xyloside can markedly affect its relative ability to prime heparan sulfate versus chondroitin sulfate chains and to inhibit the formation of the corresponding proteoglycans (18, 26) . Because studies have suggested that polyamine uptake was more dependent on heparan sulfate than chondroitin sulfate (10), we compared lung colonization in mice treated with either NX, which primes both heparan sulfate and chondroitin sulfate, or cis͞trans-decahydro-2-naphthol-␤-Dxyloside (DX), which primes only chondroitin sulfate (18) . The combination of NX and DFMO again led to inhibition of tumor growth, whereas the number of tumor foci seen in mice fed DX and DFMO was not significantly different than the number observed in mice treated with DFMO alone (Fig. 5C ).
Discussion
In this study we have shown that (i) uptake of polyamines depends in part on the expression of proteoglycans, (ii) cell growth can be made dependent on polyamine uptake through proteoglycans by inhibiting de novo synthesis of polyamines, (iii) tumor formation in vivo exhibits similar characteristics, and (iv) pharmacologic inhibition of both proteoglycan and polyamine synthesis represents a potential strategy for treating metastasis and tumor formation. Many genetic studies have indicated an important role for heparan sulfate in solid tumor formation (19, (27) (28) (29) (30) (31) . In general, these effects have been attributed to the well known propensity of cell surface heparan sulfate to bind a variety of growth factors, chemokines, and cytokines, which facilitates downstream signaling events leading to cell proliferation and angiogenesis (13, 32, 33) . The findings presented here demonstrate that heparan sulfate also plays a role in the salvage of polyamines in the circulation. Thus, altering the expression of heparan sulfate in tumor cells may diminish cell growth by multiple mechanisms.
Because polyamines play an essential role in cell proliferation, both salvage and de novo pathways exist to ensure an adequate supply of polyamines. The initial step in polyamine formation involves conversion of L-ornithine (derived from arginine) to putrescine and CO 2 , a reaction catalyzed by ornithine decarboxylase, a key regulatory enzyme in the pathway (Fig. 1) . In addition, all cells possess an energy-dependent, facilitated transport system for salvage of polyamines from the extracellular environment (8) . The gastrointestinal tract is considered to be Fig. 4 . Tumor formation in polyamine-deprived mice. Mutant or wild-type cells were injected in the tail vein of SCID mice. Some of the animals received DFMO in their water supply. After 10 days, the animals were killed and the lungs were removed for photography of superficial nodules. They were also sectioned and stained with hematoxylin͞eosin. (Magnification, ϫ200.) Wild-type or GAG-deficient mutant (pgsA-745) cells were injected into the lateral tail vein of SCID mice. The polyamine biosynthesis inhibitor DFMO (1% w͞w) was provided in the drinking water. NSR, not significantly reduced compared with control. *P values compare the experimental number of lung foci to the number observed in the control animals that received wild-type cells and no DFMO.
the main source of exogenous polyamines, i.e., from dietary sources and intestinal bacteria (34, 35) . Polyamines are also excreted from cells, and therefore recapture from the circulation may be an important recycling mechanism (6) . Cells that cannot produce ornithine cannot proliferate in serum-free medium, unless ornithine or polyamines are provided, indicating that the salvage pathway has sufficient capacity to supply all of the polyamines necessary for growth (36) . Although polyamine transport has been studied extensively, a transporter protein or gene has not yet been identified in mammalian cells. The affinity of substrates for the transporter increases with the number of positive charges (spermine Ͼ spermidine Ͼ putrescine) and K m values in the range of 10 -4 -10 Ϫ6 M have been described, depending on the tissue or cell type studied (8) . These kinetic characteristics are consistent with electrostatic binding of polyamines to the negatively charged carboxyl and sulfate groups on GAG chains, but it may also reflect an indirect involvement of proteoglycan in forming a functional transport complex. Proteoglycans act as ''coreceptors'' in fibroblast growth factor and vascular endothelial growth factor signaling pathways, acting as templates to approximate ligands and receptors in functional signaling complexes (13) . Cell surface heparan sulfate proteoglycans can also interact with heparin-binding epidermal growth factor precursor protein expressed on the surface of cells, creating a binding site for diphtheria toxin (37) . Thus, by analogy to these systems, the functional polyamine transporter may consist of a heparan sulfate proteoglycan in complex with a polyamine carrier protein. The requirement for a proteoglycan might explain some of the difficulties encountered in the purification of the transporter (8) .
In almost every cell culture system tested, including normal and transformed cells, DFMO has a cytostatic effect (3), but loss of cellular viability occurs on a more complete depletion of polyamines (7) . The dramatic antiproliferative effect of DFMO on numerous transformed cells has led to clinical studies with cancer patients. Although DFMO has shown antitumor effects in established human brain tumors (38) , most recent human trials have focused on its use as a chemopreventive agent in at-risk individuals with cervical, colon, or esophageal premalignant changes (39) . Unfortunately, the effect of DFMO has not been as effective in vivo, where the antiproliferative activity is substantially diminished. Two major mechanisms are considered to be responsible for this discrepancy: amplification of ornithine decarboxylase, resulting in resistance to DFMO, and upregulation of polyamine import from the extracellular compartment (40) (41) (42) . Although other inhibitors are available that target different enzymes in the pathway {e.g., methylglyoxal bis(guanyl hydrazone), CGP 48664, S-(5Ј-deoxy-5Ј-adenosyl)-methylthioethyl-hydroxylamine, 1-aminooxy-3-aminopropane, and ([4-amino-2-butenyl]methylamino)-5Ј-deoxyadenosine}, the enhanced uptake of polyamines caused by decreased de novo synthesis remains a problem. Furthermore, several of these inhibitors have less potency or less specificity than DFMO. In this report, we have shown that xylosides will render tumor cells more sensitive to the cytostatic effects of one of these inhibitors (DFMO) by inhibiting proteoglycan biosynthesis. This study emphasizes the need for continued development of pharmacologic agents that block proteoglycan formation, which in conjunction with conventional inhibitors of de novo polyamine formation may provide new avenues for treating cancer. in the water supply. ** , P Ͻ 0.004 for NX ϩ DFMO vs. DFMO, and P Ͻ 0.05 for NX ϩ DFMO vs. DX ϩ DFMO. n ϭ 5 for each group.
